Abstract. This research was conducted to develop
Introduction
Currently yield monitoring systems for grains and some other crops are commercialized and being used for managing fields site-specifically to increase profit and ultimately protect the environment. However, there is no commercial system currently available for silage yield monitoring. This research explores feasibility of developing silage yield monitoring system and its development.
Silage is an important crop for dairy cattle feed. Nutrient rich feed is essential to produce quality milk. In 2000, a total of 48,000 acres were harvested for silage corn in Florida and the production was about 768,000 tons.
Yield monitoring is very valuable and important first step to initiate site-specific crop management or precision farming, in order to produce higher quality and quality animal feed. Adequate amount of the nutrients in the feed would be essential to produce higher quality milk.
Conventionally, fields are managed without considering their variability of nutrients, moisture, soil organic matter, pH, texture, etc. Precision farming will carefully tailor soil and crop management to fit the different conditions found in each field. The yield information will be used to employ site-specific crop management by improving yields from low-yielding areas, or concentrating more on high-yielding areas.
The overall goal of this research is to develop a real-time yield monitoring system for silage crop, which can continuously measure instantaneous yield at a specific field location during harvesting operations. One of the challenges was the difficulty of measuring yield from a harvester itself in real-time due to the vibration from the harvester during the harvesting operation and to overcome the resultant noise. In this research, to overcome such difficulty, a load cell measuring system was installed on a silage trailer instead of on a harvester, and a wireless communication device was implemented using Bluetooth technology to explore an application of wireless data transportation of moisture concentration of harvested silage.
Background
Yield monitoring and yield mapping have been widely researched and commercialized for various crops over the last one and one-half decades. Yield mapping during grain harvesting (e.g., de Baerdemaeker, et al., 1985; Schueller and Bae, 1987; Searcy, et al., 1989) has been extensively studied and adopted. Examples of yield mapping for other crops include cotton (Wilkerson, et al., 1994) , potatoes (Campbell, et al., 1994) , tomatoes (Pelletier and Upadhyaya, 1999) , and citrus (Schueller, et al., 1999) . Yield mapping of dry forages has been demonstrated on round balers (e.g., Wild, et al., 1994; Behme, et al., 1997; Wild, 1998) .
Silage crops are used widely throughout the world to provide feed for animals. Despite their importance, there has been significantly less work on developing yield monitoring and mapping systems for silage crops, especially in North America. Common silage crops in North America include corn (maize), alfalfa, various grasses, and oats.
Some of the earliest work on silage yield mapping was performed in Belgium at the Katholieke Universiteit Leuven. Their early work (e.g., Vansichen and de Baerdemaeker, 1993) demonstrated corn silage yield ranging from 1.2 to 4.8 kg/m 2 in a 1.2 ha field. Their system measured torques of the base unit and the material blower using strain gages, somewhat similar to the efforts at Purdue University (e.g., Schueller, et al., 1985) to measure flow rates in grain combines. The KU-Leuven forage harvester blower torque gave a higher coefficient of determination to the mass of harvested crop than the base unit torque, but did not work well when operating near full capacity. Their later work (e.g., Missotten, et al., 1997 ) used a curved plate flow sensor (similar to what was used in their grain combine work). As the tested machine did not have a blower (it was a "cut-and-throw" rather than "cut-and-blow" chopper in North American terminology) the material flow speed in the spout where the measurement occurred was determined with a radar sensor. The system was reported to work well.
Researchers at Silsoe College in the U.K. have developed a yield mapping system for root and forage crops based upon instrumenting a high-sided trailer with load cells and differential GPS (Godwin and Wheeler, 1997; Godwin, et al., 1999) . To remove unwanted noise, the data was subjected to analog signal filtering and subsequent numerical processing. Operation of a 3 m direct cut forage harvester in 6.3 ha field found mixed rye grass yields ranging from 26 to 35 t/ha. (They also demonstrated the trailer system in sugar beets and potatoes.) Development and field testing of yield mapping on a John Deere 6810 self-propelled forage harvester was conducted by researchers at the Technische Universität München (Auernhammer, et al., 1995; Auernhammer, et al., 1997) . A mass flow sensor based on the radiometric principle using Americium 241 was used with a radar sensor to determine flow speed. The unit was tested on over 140 ha of maize and 20 ha of grass silage. Over 2000 tonnes of maize were harvested in 416 trailer loads in 22 fields. The system performed well.
Research at the University of Bonn (Kromer, et al., 1999; Schmittmann, et al., 2000) developed and tested flow rate sensing alternatives on forage harvesters. They classify sensing techniques as measuring either power requirements, mass flow rates, or volumetric flow rates. They applied systems to measure compression roller displacement, crop layer thickness in spout, crop stream contour, crop stream discharging speed, and crop impact force in spout to a CLAAS-Jaguar 690 self-propelled (232 kW) harvester with windrow pickup.
Another German group researching forage harvesting yield mapping is the Institut für Agrartechnik Bornim in Potsdam (Ehlert and Schmidt, 1995; Ehlert, 1999) . They also used the feed roller clearance and found a correlation with throughput in spring barley, wilted grass, and corn (maize). One field of spring barley had yields ranging from less than 5 t/ha to more than 13 t/ha.
Researchers at the University of Wisconsin have also developed sensors to measure silage flow rate and moisture content in a forage harvester (Barnett and Shinners, 1998) . They have also measured flow rate during windrowing (Shinners, et al., 2000) .
Investigators from Université Laval and Agriculture Canada have studied the power requirements of self-loading coarse chopping (Tremblay, et al., 1991) and sensors to measure flow rates and moisture contents (Martel and Savoie, 1999) . In the latter, sensors measured feedroll displacement, crop impact force on hinged plate above blower, frequency drop of capacitance-controlled oscillator near the end of the spout, and the number of light beam interruptions in the spout. The impact plate and feedroll displacement was well-correlated with flow rate. Oscillator frequency was affected by both flow rate and moisture.
The moisture content of the silage being harvested is of importance for various reasons. It affects the quality of the feed and its capability to be stored. It is also necessary to determine dry matter (DM) yields as silage is usually composed of large and variable amounts of moisture. It has been demonstrated that moisture content of silage can be measured in static sample conditions by infrared gauging in the U.K. (Percy, 1991) and electromagnetic fields in Germany (Snell, et al., 2001 ).
Materials and method

Harvesting and positioning system
A DGPS (Differential Global Positioning System) receiver (model: AgGPS 132, Trimble Inc.) with a Coast Guard Beacon antenna was used to locate the position of the harvester. An agriculture silage trailer (model: Gehl 970) was used to gather harvested and chopped corn silage. A pick-up truck was used to pull the trailer. A forage harvester (model: Hesston 7165) with a two-row corn header was used to harvest silage corn from the field. The following is a system diagram. 
Moisture sensor
A capacitance type moisture sensor (model: FP-1, AgriChem Inc., Ham Lake, MN) was used to monitor moisture concentration during harvesting. An opening was made on in the middle of a spout of the silage chopper along the travel path of harvested silage and the moisture sensor was installed on the opening.
Prior to its use, the sensor was calibrated with samples from the field. The samples were stored in plastic bags and brought to a laboratory to obtain readings from the moisture sensor.
To simulate actual harvest operation, the samples were placed on top of the moisture sensor, as the chopped silage would pass the sensor while traveling from the harvesting header to the silage chopper spout. The samples were dried at 103°C for 24 hours in an oven to determine moisture concentration based on the standard method for forage moisture measurement (ASAE S538.2 DEC99).
Load cell and its calibration
Four 4535.9 kg (10,000 lb) shear beam type load cells (model: 65023, Measurement Specialists, Huntsville, AL) were used to continuously monitor weight of the trailer. The load cells were installed on the four corners of the bottom of the trailer silage box. Prior to its use, the load cells were calibrated with an Instron machine (model: 66120B-03, MTS Systems Corporation) with 226.8 kg (500 lb) increment. A special metal holder was designed and fabricated to hold the load cell onto the Instron machine.
Data acquisition system
A 12-bit multifunction PCMCIA I/O board (model: DAQCard-AI-16E-4, National Instruments, Austin, TX) was used to acquire and digitize continuous weight of the silage harvested. Analog signal conditioning modules (model: 5B38, National Instruments, Austin, TX) were used to amplify signals from the load cells. A microcontroller (model: MSP430F149, Texas Instrument) was used to digitize moisture sensor information. A 450 MHz portable PC was used as a host computer for data acquisition from the load cell and the moisture sensor. 
Bluetooth wireless communication module
Bluetooth is a new emerging state-of-the art technology which aims for cable-replacement. Bluetooth wireless technology is a short-range radio technology being developed by Ericsson and other companies. Bluetooth wireless technology makes it possible to transmit signals over short distances (up to 10 m) between telephones, computers and other devices. Bluetooth is a standard for a small, cheap radio chip to be plugged into computers, printers, mobile phones, etc. A Bluetooth chip is designed to replace cables by taking the information normally carried by the cable, and transmitting it at a special frequency to a receiver Bluetooth chip, which will then give the information received to the computer, phone, etc.
A Bluetooth Evaluation Kit (model: IntelliBLUE Callisto, BrightCom Tech., Carlsbad, CA) was used to implement a wireless link between moisture information from the sensor in the silage chopper and a host computer in a pickup truck, Figure 2 . It is a device for evaluation, demonstration, and hands-on experience with Bluetooth wireless technology. The kit contained two Bluetooth boards (RS-232 dongles), USB powering cables, and serial cables. Two RS-232 dongles were used as a transmitter and a receiver, respectively. The data transmission rate was set to 115 Kbps between the two RS-232 dongles.
Field testing of the silage yield mapping system
The silage yield mapping system was tested on June 2002 in fields located in the Dairy Research Unit of the University of Florida in Hague, 15 miles north of Gainesville, FL. A 4x4 truck was used to haul the silage trailer during the testing. A total of 0.46 ha (1.13 ac) were harvested at 5 different locations. The following information was recorded in a file for future data analysis: time, longitude, latitude, each load cell output, and moisture sensor output. The load cell output of an empty trailer was recorded prior to each run. When the trailer became full, it was taken to a permanent platform scale (model: 615XL, Central City Scale, Central City, NE) to measure the weight of the trailer and harvested crop.
Since the weight measured by the platform scale included total weight of the trailer and the load cells only weighed the top basket of the trailer, an empty weight of the top basket of the trailer needed to be measured. The top basket of the trailer was removed from the axle of the trailer and only the axle of the trailer was measured separately using the same platform scale.
Results and discussion
Load cell calibration
The load cells were calibrated and its result is shown in Table 1 . All of them showed highly linear relationship between load cell raw output and actual weight. 
Moisture sensor calibration
An attempt was made to calibrate the moisture sensor with samples from the field, but didn't yield an acceptable relationship between moisture sensor output and actual moisture content of the samples. Moisture data was recorded during the harvesting operation using Bluetooth module, but was not used to calculate dry yield. The weight and yield described in this paper is for wet crops. More tests and further development will be conducted in the future.
Bluetooth module
The Bluetooth module was implemented successfully to transmit data from the moisture sensor to a host computer and it worked very well most of the time. One limitation of its application was that both Bluetooth dongles needed to be within a certain range (about 10 m apart). When the chopper and trailer made a turn at the end of a row, a disconnection had been experienced. However, this limitation was easily corrected by modification to the operating software.
Field testing of the yield mapping system Figure 3 shows accumulated weight and its 15-point moving average of silage corn harvested. A total of three loads were harvested during this particular testing. Due to noise of the weight signal from the ground condition and vibration of machineries, there were some data points showing abnormal measurements. During the third run, more noise could be seen in Figure 3 . This might be because crops near field boundary on a curved section was harvested at that time. 
Comparison of accumulated weight
A total of 3 loads of silage trailer were harvested during the testing of the yield mapping system. At the end of each load, the trailer was brought to the Dairy Research unit and its weight was measured by a platform scale. The axle of a silage trailer without the box was measured on a platform scale and its weight was found to be 589.7 kg. Table 2 shows the comparison of trailer weight measured by a platform scale and load cell. In order to compare the weight measured by a platform scale and load cell, the weight of a trailer axle was subtracted from a total trailer weight (second column in Table 2 ). The third column in Table 2 shows silage box weight measured by load cells. These were average of the last 5 records measured by the load cell. An error was calculated between the two measurements and was found to be in the range of 0.37~1.96%, which was very small. 
Conclusions
This research was conducted to develop a silage yield mapping system using GPS, load cells, Bluetooth modules, and a moisture sensor. Major accomplishments from this research were:
• A yield mapping system for silage was developed and tested in a corn silage field. The system yielded an error in the range of 0.37 ~ 1.96% of total harvested crop, compared with measurements by a platform scale.
• A Bluetooth module (wireless transmission) was successfully implemented to transfer moisture sensor information to a host computer.
• A silage corn yield map was created for a site-specific crop management.
